Antimicrobial peptides (AMPs) exert antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi, and viruses by various mechanisms. AMPs commonly possess particular characteristics by harboring cationic and amphipathic structures and binding to cell membranes, resulting in the leakage of essential cell contents by forming pores or disturbing lipid organization. These membrane disruptive mechanisms of AMPs are possible to explain according to the various structure forming pores in the membrane. Some AMPs inhibit DNA and/or RNA synthesis as well as apoptosis induction by reactive oxygen species (ROS) accumulation and mitochondrial dysfunction. Specifically, mitochondria play a major role in the apoptotic pathway. During apoptosis induced by AMPs, cells undergo cytochrome c release, caspase activation, phosphatidylserine externalization, plasma or mitochondrial membrane depolarization, DNA and nuclei damage, cell shrinkage, apoptotic body formation, and membrane blebbing. Even AMPs, which have been reported to exert membrane-active mechanisms, induce apoptosis in yeast. These phenomena were also discovered in tumor cells treated with AMPs. The apoptosis mechanism of AMPs is available for various therapeutics such as antibiotics for antibiotic-resistant pathogens that resist to the membrane active mechanism, and antitumor agents with selectivity to tumor cells.
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As the use of antibiotics became more widespread, the emergence of multidrug resistance was a major therapeutic problem. Drug resistance in pathogenic microbes is increasing and spreading, but the pace at which new antibiotics are being produced is slowing. It is now almost commonplace to hear about methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), and multidrug-resistant Gram-negative bacteria. To treat infections caused by multidrug-resistant bacteria, antimicrobial peptides have been receiving attention as promising alternative drugs [30] .
Antimicrobial peptides (AMPs), which consist of between 12 and 100 amino acids, exert antimicrobial activity against Gram-positive, and Gram-negative bacteria, fungi, and viruses by various mechanisms [25, 66, 82] . They are isolated from the innate immune response of all classes of life including plants [11] , amphibians [67] , fish [44] , and mammals [42] (Table 1 ). Although their origins are different, they commonly possess particular characteristics by harboring cationic and amphipathic structures, which have both hydrophobic and hydrophilic parts [68] . According to their amino acid composition and secondary structure, AMPs can be clarified into different forms such as alpha helical, beta-stranded by the presence of two or more disulfide bonds, beta-hairpin or loop by the presence of a disulfide bond or cyclization of the peptide chain, and extended [65] . These conformations and structures of AMPs play roles in their antimicrobial activity, and the size, net charge, hydrophobicity, amphipathicity, and polar angle of AMPs are also important factors in antimicrobial activity [12] . Most AMPs bind to cell membranes with electrostatic interaction and/or hydrophobic interaction and cause leakage of essential cell contents by forming pores or disturbing lipid organization, both of which result in cell death [93] . Some AMPs inhibit synthesis of cell walls or DNA and induce apoptotic pathways [38, 60] . Even AMPs inducing apoptosis have selectivity to cancer cells, thus AMPs can be used in antitumor therapy. The apoptosis mechanism induced by AMPs is a new discovery and an understanding of these various mechanisms of AMPs may be important keys to overcome the problem of antibiotics resistance.
MEMBRANE DISRUPTION MECHANISM
Most AMPs can interact with cell plasma membranes consisting of phospholipid and disrupt membrane integrity. The initial interactions between the cationic AMPs and anionic plasma membranes are made of electrostatic interactions. After following initial interactions with the target membrane, AMPs inset into membrane bilayers and aggregate to form pores by creating complex structures [89] . To explain in more detail about the membrane disruptive mechanism of AMPs, various models are presented.
First, the barrel-stave model is known as a helical bundle model and forms particular pores by helical peptides [6] (Fig. 1) . Peptides bind at the cytoplasmic membrane surface as monomers and insert into the lipid bilayer as a perpendicular type when the peptide-to-lipid ratio reaches the threshold. The hydrophobic regions of the peptides bind at the central lumen of the lipid bilayer, which corresponds with the exterior of the pore, and the hydrophilic regions form the interior portion of the pore [29] . The antimicrobial peptide alamethicin has been studied as a representative model for voltage-gated ion channels in α-helical peptides, transmembrane ion transports, and interactions between peptides and membranes [4, 85] . Alamethicin aggregates and inserts into cell membranes, forming the barrel-shaped pores whose sizes are diverse depending on the number of aggregated peptides and the characteristics of the lipid bilayer [14] .
The toroidal model, also called the worm-hole model, is one of the most well-known peptide-membrane interactions [89] (Fig. 1) . It is distinguishable from the barrel-stave model in that the peptides are always associated to the lipid head groups even when they are perpendicularly inserted into the lipid bilayer to form a continued bend from the top to the bottom in a toroidal hole [12, 88] . Magainin possesses an amphipathic structure, which is hydrophobic along one side parallel to the axis, hydrophilic along the other, and perpendicularly binds to membranes by forming toroidal pores. At this moment, magainin assumes the α-helical secondary structure and interacts directly with head groups Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-AibGly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phl [4, 14, 85] Magainin Xenopus laevis Toroidal model (membrane interaction)
Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Gly-LysPhe-Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Lys-Ser [20, 45] Dermaseptin S Phyllomedusa sauvagii
Carpet model (membrane interaction)
Ala-Leu-Trp-Lys-Thr-Met-Leu-Lys-Lys-Leu-GlyThr-Met-Ala-Leu-His-Ala-Gly-Lys-Ala-Ala-LeuGly-Ala-Ala-Ala-Asp-Thr-Ile-Ser-Gln-Gly-Thr-Gln 
Psacotheasin

Psacothea hilaris
Mitochondrial membrane depolarization
Cys-Ile-Ala-Lys-Gly-Asn-Gly-Cys-Gln-Pro-SerGly-Val-Gln-Gly-Asn-Cys-Cys-Ser-Gly-His-CysHis-Lys-Glu-Pro-Gly-Trp-Val-Ala-Gly-Tyr-Cys-Lys [35, 37] The plant defensin (RsAFP2)
Raphanus sativus
Caspase dependent Gln-Lys-Leu-Cys-Gln-Arg-Pro-Ser-Gly-Thr-TrpSer-Gly-Val-Cys-Gly-Asn-Asn-Asn-Ala-Cys-LysAsn-Gln-Cys-Ile-Arg-Leu-Glu-Lys-Ala-Arg-HisGly-Ser-Cys
Melittin Apis mellifera
Plasma membrane depolarization
Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-ThrGly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-ArgLys-Arg-Gln-Gln [54] Pleurocidin
Pleuronectes americanus
Forming pores Gly-Trp-Gly-Ser-Phe-Phe-Lys-Lys-Ala-Ala-HisVal-Gly-Lys-His-Val-Gly-Lys-Ala-Ala-Leu-ThrHis-Tyr-Leu [19] of the lipid bilayer without disturbing the chain region. From these damages, the membrane potential is dissipated, and leakage from vesicles is induced by ion channel activities [20, 45] .
According to the carpet model, peptides electrostatically interact with the anionic phospholipid head groups and aggregate parallel to the lipid bilayer surface with peptide monomers until a threshold concentration is reach [73] ( Fig. 1) . When peptide concentrations reach the threshold level or higher, the peptides cover the membrane in a carpet-like manner and cause membrane permeation without the formation of structured channels. This is thought to cause a detergent-like activity that forms from micelles and destabilizes the membrane [72] . The monomers of dermaseptin S are initially associated with the phospholipid membrane, especially negatively charged membranes, and aggregated on the membrane surface at high peptide/lipid ratios. Although partial insertion occurs into the lipid bilayer, formation of transmembrane structures is not necessary contrary to the barrel-stave model [51, 63, 78] . These nonpore carpet-like mechanisms cause the membrane permeating activity and dissipate diffusion potentials in membranes.
In the aggregation model, AMPs bind to the phospholipid in membranes and insert into them by aggregating with micelle-like complexes of water, AMPs, and the lipid bilayer [86] (Fig. 1 ). These aggregates cause ion leakage by forming a channel without forming any particular orientation or translocate across the membrane without causing significant membrane depolarization. This model, with some similarity to the toroidal pore model, supports the idea that there is no correlation between the antimicrobial potency and the induction of membrane depolarization. For example, unlike the carpet model, indolicidin interacts easily with the negatively charged bacterial membrane and causes the leakage of ions and other materials from cells without any particular orientation and is able to react with intracellular components [41, 70] .
THE INHIBITION OF DNA SYNTHESIS
As the research for the mechanism of AMPs increases, a number of studies have found that AMPs not only induce membrane permeabilization by forming pores, but also inhibit synthesis of intracellular substances such as DNA or RNA without significantly permeabilizing the cell membrane. The cationic AMPs possessing positively charged Arg and Lys have a strong affinity for DNA and RNA, which have a negative charge because of the characteristic property of the phosphate backbone [34] . The interaction between AMPs and DNA causes DNA damage, which is a process known as "the triggering of apoptosis." The cells with DNA damage stimulate DNA repair and activate cell cycle checkpoints to protect the damaged cell. A failure in DNA repair will cause the activation of p53, resulting in either growth arrest or cell death in the damaged cell; this is true even in yeast, which lacks the apoptosis program [83] . The target of buforin II is the intracellular nucleic acids, since it binds to DNA and RNA after penetrating the cell membranes and accumulating in the cytoplasm, and then it kills without lysing the cells [55, 56] . These DNA damages resulting from the interaction with AMP even trigger apoptosis via a caspase-independent and apoptosisinducing factor ortholog (Aif1p), a dependent mechanism. Dermaseptin S3(1-16), a truncated derivative of dermaseptin S3, interacts with DNA in vitro. Although this interaction produces no direct damage in vitro, it interferes with DNA replication, checkpoint signaling, and the maintenance of chromatin structure [52] . These results suggest a possible approach, that the antimicrobial peptide is able to induce apoptosis by interacting with DNA and inducing indirect DNA damage owing to a lack of replication forks performing a complete replication of the genome [13] .
APOPTOSIS INDUCTION MECHANISM
ROS, including hydrogen peroxide (H 2 O 2 ), superoxide anions (O 2 -), and hydroxyl radicals (OH · ), play an important role as early signal mediators of apoptosis [7] . ROS derived from the intracellular metabolism of oxygen normally exist in cells in balance with antioxidants, but when this critical balance is disrupted as a result of excessive ROS generation, they generally incur molecular damage including cell programmed death (Fig. 2) . ROS have significant roles as signal transducing molecules, but if harmful ROS such as
, and OH · were accumulated excessively in cells, they can cause molecular damage including cell death [69] . Although ROS such as O 2 -and H 2 O 2 do not cause critical damage to cells, these species do participate in the apoptotic process as precursors of more potent ROS [71] . Specifically, OH · plays an important role in nucleic acid, DNA, amino acid residues, and cell membrane damage [59] . ROS accumulation by antimicrobial peptides is measured using various dyes such as dihydrorhodamine-123 (DHR-123) or HPF (Fig. 3A) [62] . Recently, it was reported that papiliocin induces the generation of ROS, especially harmful OH, which damage nucleic acid, DNA, mitochondria, and cell membranes [36] . This means that some antimicrobial peptides harboring a membrane-active mechanism can also have another antifungal mechanism by inducing various characteristic apoptotic phenomena in yeast.
Mitochondria play major roles in energy metabolism, cell signaling, and the pathway of apoptosis, and mitochondria are used as the site of major ROS production because they harbor proapoptotic factors inside cells [58, 61] . The dysfunction of mitochondria leads to an energy crisis and promotes the release of proapoptotic factors such as cytochrome c [31] . Moreover, in mitochondrial pathways of yeast apoptosis, distinguishing events can happen, including channel opening upon Bax expression, depolarization of mitochondrial membrane potential, and mitochondrial fragmentation [22] . To investigate mitochondria-mediated pathways during apoptosis, dioc 6 (3) is widely used. Because mitochondria are able to accumulate a lipophilic cationic dye, dioc 6 (3) is aggregated into healthy mitochondria [40] . However, after treatment with apoptosis-inducing AMPs (e.g., psacotheasin), the dioc 6 (3) dye is no longer accumulated in mitochondria and is instead distributed throughout the cell, resulting in a decrease of green fluorescence (Fig. 3B ) [37] . This means that AMPs lead to the opening of the transition pore of the mitochondrial membrane and induce the collapse of the mitochondrial membrane potential, which may cause the release of apoptogenic factors from mitochondria into the cytosol [35] .
After mitochondrial damage, cytochrome c release from the mitochondria to the cytosol. Cytochrome c, which is located in the mitochondria membrane, is an essential component of the respiratory chain, acting as an electron carrier, and it electrostatically binds to the outer face of the inner mitochondrial membrane. As a result of the mitochondrial electron transport system defect, the cytochrome c is reduced when it is released into the Fig. 3 . The detection of apoptotic features using various fluorescence dyes [19] . cytosol, and then caspase is activated as a representative of the other apoptotic proteases [57] . Caspases (cysteinedependent aspartate-specific proteases) are typically activated in the early stages of apoptosis, and they play a central role in the apoptotic signaling network [94] . Although caspases are not present in fungi, orthologs of caspases in animals, termed metacaspases, have been identified in fungi and plants [5] . The accumulation of ROS induced by AMPs promotes the activation of metacaspases, and metacaspase activation can inhibit various cellular fundamental processes including DNA replication, mitochondrial function, and RNA and protein stability. Metacaspase activity can be assessed using a detection marker, FITC-VAD-FMK, which is delivered into the cell where it binds specifically to the active site of caspases (Fig. 3C) [79] . The plant defensin Raphanus sativus antifungal protein 2 (RsAFP2) induces apoptotic cell death in C. albicans via the caspasedependent and C. albicans metacaspase1-independent pathway. It indicates the existence of as yet unidentified caspase(s) or caspase-like proteases in C. albicans, such as Kex1 protease and Esp1 protease in S. cerevisiae [2] .
Most membrane phospholipid phosphatidylserines exist in the inner leaflet of the plasma membrane in both mammalian and yeast cells. During apoptosis, phosphatidylserine is translocated from the inner leaflet of the plasma membrane to the outer leaflet without damaging the permeability of the plasma membrane [46] . Because phosphatidylserine translocation also occurs during necrosis, the FITCannexin V and PI double staining method is widely used to discriminate between apoptotic and necrotic cells. Apoptotic damages affect the ionic gradient across the plasma membrane and trigger an early rise in intracellular sodium and the inhibition of the Na + /K + -ATPase, leading to ionic imbalance and depolarization of the plasma membrane [21, 26] . Specifically, the mitochondrial membrane depolarization and oxidative stress are regarded as the major factors of plasma membrane depolarization, which lead to a hemichannel opening, permitting loss of key cellular metabolites [64] . Changes in the plasma membrane potential were measured by flow cytometric analysis using DiBAC 4 (3), which is a membrane potential-sensitive dye [43] . Cells that have undergone depolarization of the plasma membrane show increased fluorescence intensity, indicating activation of apoptotic signaling machinery by inducing cation overload or anion efflux. At the subinhibitory concentration of melittin, C. albicans cells are stained with annexin Vpositive and PI-negative, which show apoptotic features, whereas the membrane-active necrotic effect mainly contributes to the antifungal activity of melittin at the minimum inhibitory concentration (MIC) [54] .
DNA and nuclei breakage into fragmentation is considered the representative phenomena in late-stage apoptotic cells [81] . Chromatin DNA during apoptosis is cut into small fragments by the activation of endonucleases and is located in the margin of nuclei. In mammalian cells, DNA fragmentation appears in a ladder pattern at ~200 bp intervals, because DNA cleavage occurs at sites between nucleosomes. As DNA cleavage during apoptosis exposes more abundant free 3'-OH termini, it can be detected by TUNEL assay, which labels modified nucleotides catalyzed by terminal deoxynucleotidyl transferase [62] (Fig. 3D) . DAPI, a cell-permeable fluorescence dye, is commonly used to detect nuclear morphologic changes including chromosome condensation and fragmentation at late-state apoptosis (Fig. 3E) [39] . Cells exposed to AMPs showed a TUNEL-positive phenotype, which indicates DNA fragmentation and margination, and DAPI staining of cells treated with AMPs showed a more concentrated or split fluorescence intensity. These results support the idea that AMPs can damage the structures of the DNA and nuclei.
Cells undergoing apoptosis experience particular morphological changes including a loss of cell volume or cell shrinkage, apoptotic body formation, membrane blebbing, and an increase of cell density such as chromatin condensation [10] . When cells are placed under anisotonic conditions, normal cells have the ability to compensate for changes in cell volume through a set of volume regulatory mechanisms, but cells undergo cell shrinkage during apoptosis via the loss of intracellular ions, specifically potassium [48] . The loss of cell volume plays an active and critical role during cell death by regulating in particular the activity of apoptotic nucleases and caspases [9] . After caspase activation, membrane blebbing and apoptotic body formation, which are regulated by several cytoskeletal proteins such as the small GTPase Rho, myosin light chain kinase (MLCK), F actin, and others, also occur during apoptosis [49] . It was reported that antimicrobial peptide pleurocidin induces the generation of harmful OH and damages nucleic acid, DNA, mitochondria, and cell membranes, resulting in the activation of metacaspase. In addition, through three-dimensional flow cytometric dot plot analysis, it was confirmed that cells treated with pleurocidin undergo cell shrinkage, generation of apoptotic body, and intracellular condensation during the apoptotic process [19] .
ANTITUMOR PEPTIDES
Apoptosis-inducing mechanisms of AMP are promising candidates for antitumor treatment by alternating the target from yeast, bacteria, and viruses to cancer cells. As AMPs specifically attack bacteria or yeast cells without hemolysis to human erythrocytes, it is important to convert their targets into cancer cells, rather than normal cells, using the particular properties of AMPs. AMPs commonly possess cationic structures, which have positively charged residues such as Arg or Lys [30] . Anionic molecules in tumor cells are fine targets of cationic AMPs including anionic phospholipids, phosphatidylserine, in the outer membrane leaflet of human tumor cells, and O-glycosylated mucins on tumor cell membranes [33, 80] , because normal cells possess the zwitterionic phospholipids such as sphingomyelin, phosphatidylethanolamine, and phosphatidylcholine [91] . In tumor cell membranes, phosphatidylserine is exposed from the inner leaflet of the membranes to the outer leaflet of the cancer cells, and its outer membrane is negatively charged because it contains 3-7 times more phosphatidylserine than normal cells [18] . Additionally, because tumor cells have high transmembrane potentials, if the membrane integrity is damaged by AMPs, it would cause the leaking of electrolytes and cell death [84] . After binding to the tumor cells, AMPs exert antitumor activity via various mechanisms, and apoptosis induction is one of the representative antitumor mechanisms of AMPs. Specifically, since mitochondria accumulate lipophilic and positivecharged molecules inside, they can be used as important targets for cancer chemotherapy. AMPs, which have cationic and lipophilic amino acids, facilitate permeation of the hydrophobic mitochondrial membrane, resulting in inducing apoptosis [32] .
Although the exact apoptotic pathway and clear target site of AMPs are not well understood, apoptosis-inducing AMPs can exert antitumor activity against several different types of human cancer cells. Antimicrobial peptide cecropin A, which is isolated from Hyalophora cecropia pupae, is one of the most extensively studied antimicrobial polypeptides, which consists of linear 37-residue amino acids and harbors a cationic character [8] . This antimicrobial peptide belongs to the cecropin family, which is an important component of the innate immune defense against microbial pathogens in a wide range of organisms including humans [92] . Cecropin A exerts significant antimicrobial activity by forming specific amphipathic α-helices into nonpolar lipid cell membranes and ion-permeable channels, resulting subsequently in cell depolarization [74] . Besides the antimicrobial activity of cecropin A, recent studies have demonstrated specific tumoricidal and antiproliferative activities in bladder cancer cells [77] , leukemia cells [17] , colon adenocarcinoma cells [50] , and gastric cancer cells [16] . For example, in human promyelocytic leukemia cells, cecropin A induces apoptosis in HL-60 cells by a signaling mechanism mediated by ROS in a dose-dependent manner, but independently of caspase activation [15] . Cecropin A causes oxidative stress by promoting ROS generation and collapses mitochondrial membrane potential in HL-60 cells. In addition, HL-60 cells treated with cecropin A generated morphological changes in nuclear chromatin and showed a sub-G1 peak and an increase of DNA fragmentation without activating caspases 3, 8, and 9.
Human cationic amphipathic host defense peptide LL-37 is found in the secondary granules of neutrophils [28] and belongs to the cathelicidin family of peptides [75] . It is reported that LL-37 acts as an effector molecule of innate immunity that has anti-infective and immunomodulatory activities including mast cell activation and the induction of neutrophil, CD4+ T cell, and monocyte chemotaxis [53, 87] . In addition, LL-37 has antitumor activity against Jurkat T leukemia cells, one of the human cancer cell lines [1] . LL-37 in Jurkat cells induces apoptosis through loss in mitochondrial membrane potential, phosphatidylserine externalization, and DNA fragmentation, which are apoptotic hallmarks. This apoptotic pathway was progressed in a caspase-independent and AIF-, calpain-, and Ca
2+
-dependent manner with destabilization of the mitochondrial membrane. AIF, a caspase-independent proapoptotic protein, leads to large-scale DNA fragmentation and chromatin condensation [76] , and calpain is an active proapoptotic protein that results in outer mitochondrial membrane permeabilization and the release of proapoptotic proteins into the cytosol [23] . It is also confirmed that intracellular Ca 2+ acts as one of the important factors needed to activate calpain in LL-37-inducing apoptosis.
Human lactoferrin belongs to an iron-binding glycoprotein of the transferrin family that includes serum transferrin and ovotransferrin [24] . Human lactoferrin presents in all mammalian mucosal secretions and exhibits antifungal and antibacterial activities. In C. albicans cells, it induces an apoptosis-like cell death, which includes phosphatidylserine externalization, nuclear chromatin condensation, nucleasemediated strand DNA breakage, and increased ROS production [3] . In particular, bovine lactoferricin selectively triggers apoptosis in several different types of human cancer cells such as THP-1 human monocytic leukemia cells and MDA-MB-435 breast carcinoma cells [27, 47, 90] . A bovine lactoferrin derived from a bovine milk protein lactoferrin induces apoptosis in THP-1 human monocytic leukemic cells in a dose-and time-dependent manner. The mechanism by lactoferrin is mediated by the production of the intracellular ROS and activation of Ca
/ Mg
2+
-dependent endonucleases, which are various apoptotic phenomena [90] . In human leukemia and carcinoma cell lines, bovine lactoferrin triggered distinct apoptotic processes including the generation of ROS, caspase activation, dissipation of the mitochondrial membrane potential, mitochondrial swelling, and cytochrome c release [47] .
In conclusion, AMPs display broad-spectrum activity against pathogenic bacteria, fungi, and viruses through various inhibitory mechanisms including cell wall biosynthesis, disruption of the cell membrane, and inhibition of DNA synthesis. Most AMPs bind to cell membranes with electrostatic interaction and cause leakage of essential cell contents by forming pores or disturbing lipid organization, which result in cell death. On the other hand, some antimicrobial peptides mediate their antimicrobial effects by inducing apoptosis, which shows intracellular ROS accumulation, mitochondrial dysfunction, membrane depolarization, cytochrome c release, caspase activation, phosphatidylserine externalization, the change of DNA and nuclei, and alternation of morphology. Through investigation into the properties of AMPs and tumor cells, it was found that AMPs can also be used as antitumor agents. The discovery of AMP-inducing apoptosis helps us understand an accurate antimicrobial mechanism of AMPs, and suggests the extensive potential of AMPs as a novel remedy.
